6-MIRROR MICROLITHOGRAPHY PROJECTION OBJECTIVE 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 

The invention concerns a micro\ithography objective according to the 



as well as a chip manufacturing process according to claim 24. 

Lithography with wavelengths < 193 nm, particularly EUV lithography with 
X = 1 1 nm or X = 13 nm is discussed as a possible technique for imaging 
of structures < 130 nm, most preferably < 100 nm. The resolution of a 
lithographic system is described by the following equation: 



wherein ki denotes a specific parameter of the lithography process, X 
denotes the wavelength of the incident light and NA is the numerical 
aperture of the system on the image side. 

Reflective systems with multilayers are used as optical components for 
imaging systems in the EUV range. Preferably Mo/Be systems are used 
as multilayer systems at X = 1 1 nm and Mo/Si systems are used for X = 13 
nm systems. 

If a numerical aperture of 0.2 is used as a basis for calculation, then the 
imaging of 50-nm structures with 13-nm radiation requires a relatively 
simple process with ki = 0.77. With ki = 0.64, imaging of 35-nm 
structures is possible with 11 -nm radiation. 



preamble of claim 1 , a projectio 




osure system according to claim 23, 
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Since the reflectivity of the multilayers used lies only in the range of 
approximately 70%, it is of importance to use as few optical components 
as possible in an EUV projection objective, in order to achieve a sufficient 
light intensity. 

5 

Systems with six mirrors have proven particularly preferred for NA = 0.20 
with a view toward a high light intensity and sufficient possibilities for 
correction of imaging errors. 

10 2. Description of the Prior Art 

6-Mirror systems for microlithography have been made known from the 
publications US-A-5, 153,898; EP-A- 0 252,734; EP-A-0 947,882; US-A- 
Jj 5,686,728; EP 0 779,528; US 5,815,310; WO 99/57606; and US 

O 15 6,033,079. 

ru 

l *p The projection lithography system according to US-A-5,686,728 shows a 

P projection objective with six mirrors, wherein each of the reflective mirror 

surfaces is formed aspherically. The mirrors are arranged along a 
20 common optical axis such that an obscuration-free light path is obtained. 

Since the projection objective known from US-A- 5,686,728 is used only 
for UV light with a wavelength of 100-300 nm, the mirrors of this projection 
objective have a very high aspheric departure of approximately ± 50 jam 
25 as well as a very large angle of incidence of approximately 38°C. Also, 
after stopping down the aperture_to NA = 0.2, an aspheric departure of 25 
jam from peak to peak remains here along with a barely reduced angle of 
incidence. Such aspheric departures and angles of incidence are not 
practical in the EUV range due to the high requirements for surface quality 
30 and reflectivity of the mirror. 
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Another disadvantage of the objective that was made known from US-A- 
5,686,728 does not permit a use in the wavelength range of X < 100 nm, 
particularly at wavelengths of 1 1 and 13 nm, is the very short distance 
between the wafer and the mirror arranged next to the wafer. In the case 
of the distances between the wafer and the mirror next to the wafer, 
known from US-A-5,686,728, the mirrors can only be made very thin. Due 
to the extreme layer stresses in multilayer systems for the discussed 
wavelengths of 1 1 and 13 nm, such mirrors are very unstable. 

A projection objective with six mirrors for application in EUV lithography, 
particularly also for wavelength of 13 nm and 1 1 nm, has been made 
known from EP-A-0 779,528. 

This projection objective also has the disadvantage that at least two of the 
total of six mirrors have very high aspheric departures of 26 or 18.5 ^im. 
However, even in the arrangement known from EP-A-0 779,528, the 
optical free working distance between the mirror next to the wafer and the 
wafer itself is so small that the mirror next to the wafer has instabilities or a 
mechanical free working distance that is negative. 

A 6-mirror projection objective for EUV lithography with a mirror sequence 
of concave-concave-convex-concave-convex-concave is shown in WO 
99/57606. This objective has a numerical aperture at the object of NA ob ject 
= 0.2. All mirrors of the system known from WO 99/57606 are made 
aspherical. 

It is a disadvantage of the 6-mirror objective known from WO 99/57606 
that there is no easy accessibility to the off-axis segments, for example, 
for mounting, particularly the second and third mirrors. In addition, the off- 
axis segment of the fourth mirror is arranged far outside the optical axis in 
the case of the system known from WO 99/57606. This leads to problems 
with respect to the stability of the mirror systems and in the manufacture 



of this mirror segment. Also, a large space is necessary in order to 
encapsulate the system. Since the system is utilized in vacuum, a 
relatively large space has then to be evacuated. The diaphragm arranged 
between the second and third mirrors according to WO 99/557606 has 
5 large angles of incidence on the third mirror as a consequence, which are 
particularly greater than 18°. 

A 6-mirror system is known from US 6,033,079, in which the angles of 
incidence on all mirrors are less than 18°. Of course, this system also has 
1 0 the disadvantage that the off-axis segment of the third mirror is not 

accessible and the off-axis segments of individual mirrors, for example, of 
the fourth mirror (M4), are so large that a large space to encapsulate the 
system is required, as in the case of the system known from WO 
!*? 99/57606, which again leads to a relatively large space that must be 

P 15 evacuated. Another disadvantage of relatively large mirrors is their lack of 
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stability and the fact that correspondingly large coating chambers and 



^ production equipment are required for their manufacture. 

SUMMARY OF THE INVENTION 



H> The object of the invention is thus to provide a projection objective 

suitable for lithography with short wavelengths, preferably less than 100 
nm, which does not have the above-mentioned disadvantages of the state 
of the art; in particular, a projection objective should be provided, which is 
25 characterized by dimensions that are as small as possible, a good 

accessibility to the off-axis segment of each mirror, as well as an aperture 
that is as large as possible and possibilities for correction of imaging 
errors. 

30 According to the invention, this object is solved by a microlithography 
projection objective for short wavelengths, preferably <193 nm, which 
comprises an entrance pupil and an exit pupil for imaging an object field in 
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an image field, which represents the segment of a ring field, wherein the 
segment has an axis of symmetry and an extension perpendicular to the 
axis of symmetry and the extension is at least 20, but preferably 25 mm, 
as well as a first, a second, a third, a fourth, a fifth and a sixth mirror in a 
centered arrangement relative to an optical axis, wherein each of these 
mirrors has an off-axis segment, in which the light beams impinge, which 
have been guided through the projection objective, and the diameter of 
the off-axis segment of the first, second'^thi^ fifth and sixth 



mirrors is < 1200 mm*NA, preferabl/ < 300 nm, depending on the 
10 numerical aperture NA at the exit puf^wher^by the numerical aperture 
NA at the exit pupil of the objective according to the invention is greater 
than 0.1 , preferably greater than 0.2, and most preferably greater than 
0.23. In the present application, the numerical aperture at the exit pupil is 

~ understood to be the numerical aperture of the beam bundle impinging the 

Rj 

O 15 image plane, the so-called image-side numerical aperture. 

fU 
60 

^ In the field of microlithography, it is advantageous if the imaging beam 

O bundle impinges the image plane telecentrically. Advantageously, the 

q sixth mirror S6 of the projection objective is then concavely shaped. The 
20 fifth mirror S5 lies between the sixth mirror S6 and the image plane. 




If one wishes to produce a shadow-free beam path with such an objective, 
then the numerical aperture NA at the exit pupil is effected. 

25 In an advantageous embodiment, a shadow-free beam path is produced 
in the objective by increasing the central radius of the ring field to be 
imaged along with an increase in the numerical aperture at the exit pupil. 

A volume claim of a mirror in a projection objective is a structural space, 
30 typically on the rear side of the mirror, for a device such as a mounting, 
manipulator, etc. The accessibility of the individual mirrors of the 
objective, particularly for purposes of mounting the mirrors is assured in a 
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preferred embodiment, if the first, second, third, fourth, fifth and sixth 
mirrors each have a volume claim on the rear side of the mirrors, which 
has a depth along the optical axis measured from the front side of the off- 
axis segment of the mirror, wherein the depths of the first, second, third, 
5 fourth and sixth volume claims are at least 50 mm each, and the depth of 
the volume claim of the fifth mirror is greater than 1/3 the value of the 
diameter of the fifth mirror and the respective volume claims are not 
penetrated. 

10 It is a particular advantage with respect to accessibility, if all of the volume 
claims can be extended in a direction parallel to the axis of symmetry, 
without intersecting the light path in the objective or the volume claim of 

O another mirror. 
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15 A particularly stable system is obtained with respect to edge deformations 
induced by layer stress, if the edge region encircling the off-axis segments 
of all mirrors amounts to more than 4 mm, whereby the light is guided free 
of obscuration in the objective. 



^ 20 The coating of the mirror substrate with the previously mentioned Mo/Be 
2 or Mo/Si multilayer systems often produces stresses as a consequence, 

which can lead to deformations, particularly at the edge of the substrate. 

A sufficiently large edge region prevents these stresses from continuing 

into the off-axis segment of the mirror. 

25 

In a preferred embodiment, the off-axis segment of the fourth mirror lies 
geometrically between the second mirror and the image plane. 

It is particularly preferred, if the fourth mirror is arranged geometrically 
30 between the third and second mirrors, particularly between the first and 
second mirrors. Such an arrangement has, as a consequence, 
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particularly small dimensions of the off-axis segment of the first, second, 
third and fourth mirrors. 



The distance of the mirror vertex along the optical axis from the fourth to 
the first mirror (S4 S1), relative to the distance of the second to the first 
mirror (S2 S1) advantageously lies in the range: 

0.1 < (S4 S1) / {S2 S1) < 0.9 
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10 and the distance from the third to the second mirror (S2 S3) relative to the 
distance from the fourth to the third mirror (S4 S3) is preferably in the 
range: 

0.3 < (S3 S4) I (S2 S3) < 0.9. 

15 In order to obtain a shadow-free beam path, there are two particularly 
critical regions in the objective part comprising the fifth and the sixth 
mirrors. 



One of these regions lies at the upper edge of the fifth mirror. The beam 
20 must be guided in such a way that the rays at the lower edge run above 
the off-axis segment of this mirror and impinge the image plane. The 
other critical region lies at the lower edge of the sixth mirror. 



A shadow-free beam path is obtained in paraxial approximation in the 
25 above-named regions at the fifth and sixth mirrors, if the central radius of 
the ring field is selected as follows: 



R > tan(arc sin(NA))* 



(S5 B) + (S5 S6)- 



+ (S5 S6) 
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as a function of the numerical aperture NA at the exit pupil, the distances 
of the mirror vertices from the fifth to the sixth mirror (S5 S6), the distance 
from the fifth mirror to the image plane (S6 B), and the radii of curvature 
r 5 , r 6 of the fifth and sixth mirrors. If the minimum radius is not reached 
5 while maintaining the condition of an obscuration-free beam path, there is 
an abrupt increase of aspheric deviation from the basic spherical form of 
the mirror, which is also denoted the aspheric departure of the mirror. 
This particularly applies to the fifth mirror. The region for which the 
paraxial approximation and the above-named formula is valid is thus 
10 abandoned. Mirrors with high aspheric departures, however, can be 
manufactured only with high expenditure for technical production. 

In order to minimize the angles under which the rays of a ray bundle 
impinges the mirrors, advantageously the angle of incidence of the chief 
1 5 ray of the field point, which lies in the center of the object field on the axis 
of symmetry, is < 18° on all mirrors. 



p In a particular form of embodiment of the invention, the projection 

3 objective has an intermediate image, whereby the intermediate image is 

20 advantageously formed in the projection objective in the direction of light 
after the fourth mirror. 
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In a first configuration of the invention, the first mirror is formed convex 
and all six mirrors are made aspheric. 

In another configuration of the invention, the first mirror is concave and al 
six mirrors are made aspheric. 



Alternatively to this, the first mirror can have a zero based curvature and 
30 all six mirrors are made aspheric. 
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In another configuration of the invention five mirrors at most are aspheric. 
Such a configuration can be manufactured in a simple manner. 

Such an embodiment is particularly preferred if the mirror with the off-axis 
segment having the greatest distance from the optical axis, which is 
usually the off-axis segment of the fourth mirror, is spherical. 

In addition to the projection objective, the invention also makes available a 
projection exposure system, wherein the projection exposure system 
includes an illumination device for illuminating a ring field as well as a 
projection objective according to the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be described herein further on the basis of the examples 
shown in the figures: The figures show: 

Figure 1 : the shape of an off-axis segment of a mirror. 

Figure 2: the ring field in the object plane of the objective. 

Figure 3: the definition of the volume claim of a mirror in an example 
comprising two mirrors of the projection objective. 

Figure 4: a first embodiment of a projection objective according to the 
invention with six aspheric mirrors, wherein the first mirror is convex. 

Figure 5: a second embodiment of a projection objective according to the 
invention with six aspheric mirrors, wherein the first mirror is concave. 

Figures 6a-6f: the off-axis segments of all six mirrors of a projection 
objective according to Figure 4. 
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Figure 7: a third embodiment of a projection objective according to the 
invention with six aspheric mirrors, wherein the first mirror is has zero 
base curvature. 



Figure 8: a fourth embodiment of a projection objective according to the 
invention with five aspheric mirrors and one spherical mirror, wherein the 
fourth mirror is spherical. 

Figure 9: region of the fifth and sixth mirrors of a six-mirror projection 
objective according to the invention. 

Figure 10: a projection exposure system with an objective according to the 
invention. ^ 



Figure 1 1 : Table 1 showing the Code V dajta of the embodiment of Figure 
4. 




Figure 12: Table 2 showing the ( Code V djbta of the embodiment of Figure 
5. 



Figure 13: Table 3 showing the Code V data of the embodiment of Figure 
7. 

Figure 14: Table 4 showing the Code V data of the embodiment of Figure 
8. 



DESCRIPTION OF THE INVENTION 



In Figure 1 is shown what is to be understood in the present application as 
the off-axis segments of a mirror and the diameter of such an off-axis 
segment. 
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Figure 1 shows a kidney-shaped field as an example of a projected field 1 
on a mirror of the projection objective. Such a shape is expected for the 
off-axis segments in an objective according to the invention, if used in a 
microlithography projection exposure system. The enveloping circle 2 
completely encloses the kidney shape and coincides with edge 10 of the 
kidney shape at two points 6, 8. The enveloping circle is always the 
smallest circle that encloses the off-axis segment. Diameter D of the off- 
axis segment then results from the diameter of enveloping circle 2. 

In Figure 2, the object field 11 of a projection exposure system is shown in 
the object plane of the projection objective, which is imaged by means of 
4he projection objective according to the invention in an image plane, in 
which a light-sensitive object, for example, a wafer is arranged. The 
image field in the image plane has the same shape as the object field. 
The object or image field 1 1 has the configuration of a segment of a ring 
field. The segment has an axis of symmetry 12. 

In addition, the axes extending the object plane, i.e., the x-axis and the y- 
axis are depicted. As can be seen from Figure 2, the axis of symmetry 12 
of ring field 1 1 runs in the direction of the y-axis. At the same time, the y- 
axis coincides with the scanning direction of an EUV projection exposure 
system, which is designed as a ring field scanner. The x-direction is thus 
the direction that stands perpendicular to the scanning direction, within the 
object plane. The ring field has a so-called central ring-field radius R, 
which is defined by the distance of central point 15 of the image field from 
the optical axis HA of the projection objective. 

For example, for the total system, two mirror segments 20, 22 of a 
projection objective according to the invention are shown in Figure 3, 
wherein mirror segments 20, 22 correspond to the off-axis segments of 
the mirrors. The mirror segments are arranged along an optical axis 24. 
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As can be further seen from Figure 3, a volume claim 26, 28 is assigned 
to each off-axis segment 20, 22 of a mirror of the projection objective. 
Depth T of the volume claim of each mirror in the present application is 
understood to be the extension of the volume claim from central point 30, 
5 32 of the off-axis segment 20, 22 of each mirror parallel to the optical axis. 
In the present application, the point of incidence of the chief ray CR of the 
central field point of the object field on the off-axis segment of the 
respective mirror is to be understood as the central point of the off-axis 
segment. As is shown in Figure 3, the mirrors are arranged in the 
10 projection objective in such a way that the volume claims 26, 28 are not 
penetrated geometrically. 

A first example of embodiment of a 6-mirror system according to the 
invention is shown in Figure 4, wherein the size of the object to be 
15 imaged, which represents the segment of a ring field and has an axis of 

PJ symmetry as shown in Figure 2, is at least 20 and preferably 25 mm, in 

CO 

m the direction perpendicular to the axis of symmetry. The object to be 

L, imaged is arranged in the object plane 100 of the objective shown in 

CO Figure 4. A ring field segment is formed in object plane 100 as the object 

p[ 20 field in the present example. In addition, the object to be imaged onto a 
light-sensitive layer is arranged in the object plane. This object is denoted 
also as a reticle in microlithography. 
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The object in the object plane ;K)0»s imaged by the projection objective 
25 according to the invention ,r^the image plane 102, in which, for example, 
a wafer can be arranged. The projection objective according to the 
invention includes a first mirror S1, a second mirror S2, a third mirror S3, a 
fourth mirror S4, a fifth mirror S5 as well as a sixth mirror S6. In the 
example of embodiment shown in Figure 4, all six mirrors S1, S2, S3, S4, 
30 S5, and S6 are formed as aspheric mirrors. In the case of the first mirror 
S1, this involves a convex mirror. 
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Diaphragm B is arranged on the second mirror S2 in the first example of 
embodiment according to Figure 4. The system is centered relative to the 
optical axis HA and is telecentric on the image side, i.e., in image plane 
102. Image-side telecentry is to be understood such that the chief ray CR 
impinges the image plane 102 at an angle of close to or approximately 
90°. 

Within the mirror system, in order to keep light losses and wavefront 
aberrations as small as possible, which are induced by the coating, the 
incidence angle of the chief ray CR of the central field point on the 
respective mirror surface is always smaller than 18°. The volume claims 
B1, B2, B3, B4, B5 and B6 of off-axis segments N1, N2, N3, N4, N5 and 
N6 of the respective mirrors S1, S2, S3, S4, S5 and S6 are also depicted 
in Figure 4. 

As can be clearly seen from Figure 4, the total objective is constructed in 
such a way that all volume claims B1 , B2, B3, B4, B5 and B6 can be 
extended in a direction parallel to the axis of symmetry 12 of the object 
field lying in object plane 100, without intersecting the light path in the 
objective or the volume claim of another mirror. In order to facilitate 
readability, a coordinate system x, y, z is depicted in Figure 4. The optical 
axis of the objective runs in the z-direction, the object field lies in the x-y 
object plane and the axis of symmetry 12 of the object field in the object 
plane 100 points in the y-direction. 

As can be seen from Figure 4, the volume claims of all off-axis segments 
can be extended in the direction of the axis of symmetry 12 of the object 
field. This assures that the mirrors are accessible from at least one side 
of the objective and can be mounted, for example, and assembled. 

In addition, the example of embodiment 1 according to Figure 4 involves a 
system with intermediate image Z. The intermediate image Z is formed 



geometrically after the first mirror S1 between the fourth and fifth mirrors 
S4, S5. The system according to Figure 4 is divided into two subsystems 
by intermediate image Z: a first subsystem comprising mirrors S1, S2, S3, 
and S4, as well as a second subsystem comprising mirrors S5 and S6. 

The volume claims B1 to B4 and B6 of mirrors S1 to S4 and S6 amount to 
at least 50 mm, and the volume claim B5 of the fifth mirror amounts to at 
least one-third of the diameter of the volume claim of the fifth mirror, so 
that a free working distance between the fifth mirror S5 next to the wafer 
and image plane 102 of at least 12 mm is guaranteed. 

The Code V data of the first embodiment according to Figure 4 are shown 
in Table 1 in Figure 11. Here the element numbers 1, 2, 3, 4, 5, 6 
designate mirrors S1, S2, S3, S4, S5 and S6. 

The numerical aperture of the system on the image side according to 
example of embodiment 1 amounts to 0.25. 

A second embodiment of the invention is shown in Figure 5. The 
components that are the same as in Figure 4 are given the same 
reference numbers. Again, all six mirror surfaces are aspheric, but in 
contrast to the embodiment according to Figure 4, the first mirror S1 is not 
convex, but rather concave. 

The Code V data of the system are shown in Table 2 in Figure 12. The 
numerical aperture of the projection objective according to Figure 5 
amounts to NA = 0.25, as in the case of the first form of embodiment 
according to Figure 4. 

In the example of embodiment according to Figure 5, according to the 
invention, the diameter D of the off-axis segments of all mirrors arranged 
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in the objective are less than 300 mm, whereby the object to be imaged is 
the segment of a ring field, as shown in Figure 2. 



The off-axis segment in the x-y plane of the respective mirror of the 
second example of embodiment according to Figure 5 is shown in Figures 
6a to 6f. The x-y coordinate system as defined by the object plane is 
denoted in all illustrations. Here, the y-direction denotes the direction in 
the direction of the scanning direction of a ring field scanner and the x- 
direction is the direction perpendicular to the scanning direction. 

As can be seen from Figure 6a, the off-axis segment N1 on mirror S1 is 
essentially kidney-shaped and has a diameter D, as defined in Figure 1, of 
145.042 mm. A diameter of off-axis segment N2 on mirror S2 is 
essentially circular, and the diameter amounts to 157.168 mm according 
to Figure 6b. 

On mirror S3, the off-axis segment N3 is again kidney-shaped, diameter D 
amounts to 102.367 mm according to Figure 6c, and in the case of mirror 
S4, the useable region N4 according to Figure 6d has a diameter of 
222.497 mm. 

The off-axis segments N5 and N6 according to Figures 6e and 6f on 
mirrors S5 and S6 are essentially circular, and diameter D of useable 
region N5 amounts to 83.548 mm and diameter D of off-axis segment N6 
is 270.054 mm. 

The diameter of all off-axis segments N1 to N6 of the form of embodiment 
of the projection objective according to Figure 5 is thus less than 300 mm. 



A third form of embodiment of a projection objective according to the 
invention with six aspheric mirrors is shown in Figure 7. Again, the same 
reference numbers as in Figures 4 and 5 are used for the same 
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components. The data of the third form of embodiment according to 
Figure 7 are indicated in Code V data in Table 3 in Figure 13. The 
numerical aperture of the system according to Figure 7 is NA = 0.25. The 
first mirror S1 of the example of embodiment in Figure 7 has a zero based 
curvature. It is understood by this in the present application that the basic 
curvature of mirror S1 in the vicinity of the optical axis HA is equal to null. 

A particularly advantageous 6-mirror system from the point of view of 
manufacturing is shown in Figure 8. In the system according to Figure 8, 
the numerical aperture is 0.23, the fourth mirror is a spherical mirror, 
which is very advantageous from the viewpoint of manufacturing, since 
spherical surfaces can be manufactured more easily than aspheric 
surfaces, and the fourth mirror S4 is the mirror with the off-axis segment 
with the greatest distance from the optical axis. 

The data of the system according to Figure 8 are given as Code V data in 
Table 4 in Figure 14. 

The position of the fourth mirror geometrically between the third and the 
second mirrors or the first and the second mirrors in the projection 
objective is responsible for the relatively small dimensions of the off-axis 
segments of the mirrors, particularly of the fourth mirror. 

The data concerning the position of the fourth mirror with respect to the 
second and first mirrors or the second and third mirrors are described by 
the following conditions: 



0.1 <(S4, S1)/(S2, S1)< 0.9 
0.3 < (S3, S4) I (S2, S3) < 0.9 



(D 
(2) 



The following preferably applies for condition (2): 
0.4 < (S3, S4) I (S2, S3) < 0.9 



(2a) 
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These conditions are shown in the following Tables 5 and 6 for the four 
examples of embodiment. 



5 Table 5: Data for condition (1) 



Embodiment 


Property 


(S4S1)/(S2S1) 


1 = Figure 4 


M1 convex 


0.14 


2 = Figure 5 


M1 concave 


0.35 


3 = Figure 7 


M1 plane 


0.19 


4 = Figure 8 


NA = 0.23, 5 aspheric 


0.67 



Table 6: Data for condition (2) 



y0 



fft 



Embodiment 


Property 


(S3S4)/(S2S3) 


1 = Figure 4 


M1 convex 


0.31 


2 = Figure 5 


M1 concave 


0.44 


3 = Figure 7 


M1 plane 


0.34 


4 = Figure 8 


NA = 0.23, 5 aspheric 


0.69 



The diameter of the off-axis segment is a particularly important parameter, 
1 0 since the diameters establish the dimensions of the objective chamber. 
Large off-axis segments and thus large mirrors require evacuation of a 
very large space, which is a disadvantage from the viewpoint of 
evacuating a large UHV system. Another disadvantage of large mirrors is 
their greater sensitivity relative to mechanical oscillations, since their 
15 natural frequency is smaller than in the case of smaller mirrors. Another 
advantage of mirrors with small dimensions lies in the fact that the steps 
of producing asphericity and coating the substrate can be conducted in 
small UHV processing chambers. 



20 Since the coating of the mirror substrate with multilayer systems leads to 
layer stresses, deformations may occur, particularly at the edge of the 
substrate. In order that these should not propagate into the off-axis 
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segment of the mirror, it is necessary to provide a minimum overrun 
outside the off-axis segment, within which the deformations can decay. 
The edge region of the individual mirrors in examples of embodiment 1 to 
4 is shown in the following Table 7. 



5 

Table 7: Data for the edge regions of mirrors S1 to S6 



Mirror 


A1 = Figure 4 


A2 = Figure 5 


A3 = Figure 7 


A4 = Figure 8 


S1 


13 mm 


21 mm 


16 mm 


2 mm 


S2 


11 mm 


11 mm 


8 mm 


8 mm 


S3 


22 mm 


28 mm 


26 mm 


8 mm 


S5 


4 mm 


4 mm 


4 mm 


5 mm 


S6 


5 mm 


6 mm 


5 mm 


2 mm 



As can be seen from Table 7, the edge region in the embodiment 
according to Figures 4, 5 and 7 for each mirror amounts to more than 4 
mm, which is especially advantageous for the technical consideration of 
layer stresses. 

The arrangement of fifth and sixth mirrors S5, S6 in an advantageous 
embodiment of a projection objective according to the invention is shown 
in Figure 9. 

According to Figure 9, the imaging beam bundle 200 impinges the image 
plane 102, in which a wafer is arranged, for example, telecentrically. The 
sixth mirror S6 is concavely shaped. The fifth mirror S5 lies between the 
20 sixth mirror S6 and image plane 102. In projection objectives according to 
the invention, all mirrors S1, S2, S3, S4, S5, S6 are arranged between 
object plane 100 and image plane 102. If one requires a shadow-free 
beam path in the projection objective according to the invention, then 
there are existing two critical regions for guiding the beam in a shadow- 
25 free manner in the objective part comprising mirrors S5 and S6 on the 
image side, as shown in Figure 9. 
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One of these critical regions lies at the upper edge 202 of the off-axis 
segment of the fifth mirror S5. The beams must be guided in such a way 
that the lower-edge rays 204 of beam bundle 200 run above off-axis 
segment N5 of mirror S5 and impinge on image plane 102. If R denotes 
the ring-field radius and (S5 B) the distance between S5 and image plane 
102, then the distance of lower-edge rays 204 from the optical axis HA is 
given by the relation 



y = R - (S5 B) * tan (arc sin (NA)), 



wherein NA denotes the numerical aperture at the exit pupil. 



The upper limit of off-axis segment N5 is established by the point of 
impingement of upper-edge rays 206 of beam bundle 200 on the fifth 
mirror S5. By using the variables: 

r 6 : radius of curvature of S6 

(S5 S6): (positive) distance between S5 and S6, 

the application of the paraxial ray tracing formula to the sixth mirror S6 for 
the distance y' of upper edge 202 of the off-axis segment supplies N5 of 
the fifth mirror from the optical axis HA': 



1 



(S5 S6) 



(S5 B) + (S5 S6) + 



R 



tan(arc sin(NA)) 



tan 



arc sin(NA) + 2arc sin 



NA 



V F 6 



(S5 B) + (S5 S6)-r 6 + 



R 



tan(arc sin(NA) 



In order to obtain an obscuration-free beam path at the fifth mirror S5, the 
following must then apply: 

Ay = y - y' > 0 

The other critical region lies at the lower edge of S6. In order to assure an 
obscuration-free light path in paraxial approximation at this mirror, the 
following results after applying the paraxial ray tracing formula twice to S5 
and S6 for the ring-field radius R of the image field in the image plane 
102: 



R > tan(arc sin(NA))* 



If r 6) r 5) (S 5 B) as well as (S 5 S 6 ) are pregiven, e.g., 

r 6 = 535.215 mm; r 5 = 594.215 mm; 

(S5 B) = 44.083 mm; (S5 S6) = 437.186 mm, 

then the following Table 8 results from the above formula for the ring-field 
radius R as a function of the aperture under the boundary condition of an 
obscuration-free light path at the fifth mirror according to the formulas for 
y' and Ay given above: 



Table 8: 



NA 


0.15 


0.20 


0.25 


0.30 


R in [mm] 


18.191 


24.475 


30.958 


37.707 



As can be recognized from Table 8, a large numerical aperture NA at the 
exit pupil has as a consequence a large ring-field radius. 



(S5 B)+ (S5 S6)-- 

r 6 r 5 + (S5 S6) 
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In the case of the pregiven ring-field radius, an enlargement of the 
aperture is possible for coaxial 6-mirror objectives only up to a certain 
value. Above this value there is observed a nearly abrupt increase of the 
5 aspheric departure on the fifth mirror, which leads to problems in 

manufacturing the aspheric surface and also in measurement technology 
for measuring the aspheric surface, as well as problems in correcting the 
objective. 

10 (S5 B) is equal to the so-called working distance of the objective at the 
wafer, which should not go below a minimum value. Therefore a 
reduction of the ring-field radius due to a reduction of (S5 B) is only 
possible until the minimum free working distance of the reduction objective 
is reached. 

15 



A reduction of the distance (S5 S6) in fact leads to smaller ring-field radii, 
but, on the other hand, increases the angle of incidence on the fifth mirror 
^ S5. To manufacture a multilayer system with such a large angle of 

S M " S - 

fiy incidence on S5 with optimal reflection capacity is very elaborate. A 

20 reduction of r 5 leads to the same disadvantages as the reduction in the 
distance (S5 S6), since such a reduction is also accompanied by large 
angles of incidence on S5. 

An enlargement of r 6 in fact supplies smaller ring-field radii, but of course 
25 the freedom from obscuration at the fifth mirror is violated. 



A projection exposure device for microlithography with a 6-mirror 
projection objective 200 is shown in Figure 10. The illumination system 
202 can be formed as described, for example, in EP 99 106348.8 with the 
30 title "Illumination system, particularly for EUV lithography" or U.S. -patent 
US 6198793 with the title "Illumination system particularly for EUV 
lithography", whose disclosure is incorporated herein by reference. Such 
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an illumination system contains an EUV light source 204. The light of the 
EUV light source is collected by collector mirror 206. The reticle 212 is 
illuminated by a first mirror 207 containing raster elements-so-called field 
honeycombs-and a second mirror 208 containing raster elements-so- 
called pupil honeycombs--as well as a mirror 210. The light reflected from 
reticle 212 is imaged onto a carrier 214 having a light-sensitive layer by a 
projection objective according to the invention. 

The invention provides for the first time a projection objective with six 
mirrors, comprising off-axis segments with small dimensions on all mirrors, 
and, therefore provides a.particularly advantageous, compact projection 
objective from the point of view of technical construction and technical 
manufacturing. 



22 



List of references 



m 



Z: enveloping circle 

6, 8: pojnts at which the enveloping circle coincides with the kidney- 

5 shaped projected field 

10: edge of the kidney-shaped projected field 

1 1 : object field 

12: axis of symmetry of the ring field 

15: central point of the object or image field 

10 20,22: mirror segments 

26, 28: volume claim 

30, 32: central point of the off-axis segment 

100: object plane 

102: image plane 

15 200: imaging beam bundle 

202: upper edge of the off-axis segment N5 at S5 

204: lower-edge rays 

206: upper-edge rays 

S1: first mirror 

20 S2: second mirror 

S3: third mirror 

S4: fourth mirror 

S5: fifth mirror 

S6: sixth mirror 
25 B1, B2, B3, B4, B5, B6: volume claims assigned to the mirrors 

N1 , N2, N3, N4, N5, N6: off-axis segments assigned to the mirrors 

x, y, z: coordinates of the coordinate system in the object and image 
planes 

HA: optical axis of the projection objective 

30 NA: numerical aperture at the exit pupil 

R: ring-field radius 

CR: chief ray 
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B: diaphragm, aperture stop 

Z: intermediate image 

D: diameter of the off-axis segment 



*3 

ru 
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